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ARTICLE INFO ABSTRACT

Keywords: In this study, Pd/LTA and Pd/SSZ-13 were prepared and then hydrothermally aged at the temperature of 750,
Pd 800, 850, and 900 °C. Multiple Pd species, including isolated Pd ions (Pd?>" and [PA(OH)] ") and 1 ~2 nm PdO,
LTA nanoparticles, were presented in two fresh samples. The Pd/LTA sample showed remarkable hydrothermal
ISJSNZA 13 stability, but the Pd/SSZ-13 sample experienced severe damage after aging at 900 °C. The destruction of the aged

Hydrothermal aging

Pd/SSZ-13 sample led to the migration and sintering of PdOx nanoparticles, which formed bulk PdOy particles on
the surface of the zeolite crystallite. A large number of PdOy nanoparticles were retained after aging of the Pd/

LTA sample. Pd/LTA contained a higher concentration of Pd®* sites, while Pd/SSZ-13 had more [Pd(OH)]*
sites. It is found that the improvement of NO adsorption ability with CO addition onto Pd** was more significant

than onto [Pd(OH)] ™.

1. Introduction

Nitrogen oxides (NO,) in the exhausts from lean-burn engines (i.e.,
gasoline and diesel), entail significant challenges for the aftertreatment
society [1]. The NO, must be removed due to the serious environmental
issues caused by NOy, e.g., acid rain, smog, and ozone depletion. For-
tunately, the application of ammonia selective catalytic reduction
(NH3-SCR) greatly reduces NO, emissions from vehicles using re-
presentative catalyst systems, such as Cu/zeolites [2] and V,05-WO3/
TiO, [3].

As environmental regulations have become more stringent in recent
years, the cold start issue has received increasing attention in the cat-
alysis field [4,5]. The traditional SCR catalyst has relatively large op-
erating temperature window (e.g., 200 ~400 °C) [6,7]. One of the main
reasons for this is that the ammonia is supplied through a urea solution
and urea cannot be dosed below 200 °C, since at low temperature de-
posits form, such as biuret and cyanuric acid [8]. Therefore, one pos-
sible approach is to employ a material that can adsorb NO, (mainly in
the form of NO) at a low temperature (below urea dosing temperature)
and to desorb it at a high temperature, e.g., 200 — 400 °C. This material
is called a passive NOy adsorber (PNA) catalyst [9,10]. Using PNA and
SCR components simultaneously in the aftertreatment system, where

* Corresponding author.
E-mail address: louise.olsson@chalmers.se (L. Olsson).

https://doi.org/10.1016/j.apcatb.2020.119315

PNA is located before or as dual-layer with an SCR catalyst in the
monolith [9], can greatly help to solve the cold-start challenge of NOy
emissions.

Supported Pd zeolites are one of the most attractive kinds of ma-
terials for the PNA catalyst. Pd zeolites have been studied using various
framework topologies such as ZSM-5, BEA, and SSZ-13 [11,12]. The
effect of zeolite support on NO, adsorption/desorption efficiency has
been systematically investigated [10,13]. One recent study suggested
[10] that Pd supported on small-pore zeolites, such as SSZ-13, resulted
in a relatively high desorption temperature of NO,. This has been fur-
ther confirmed by recent research [9,14]. Lee and coworkers [11] and
Zheng et al. [13] have found two types of Pd sites able to adsorb NO at a
low temperature (~ 100 °C). These active Pd species are isolated Pd(II)
ions and small PdOy species. It has also been found that short-term
moderate hydrothermal treatment (e.g., 750 °C for 2 h) can increase the
NO storage capacity of Pd/zeolites since more isolated Pd®* ions are
formed [9,15]. The presence of CO has two distinct effects on the
performance for NO, storage: one positive [16] and one negative
[17,18]. The positive effect is an increased adsorption amount of NOy
and higher desorption temperatures after adding CO. The negative ef-
fect is that the feeding of CO can deactivate Pd/zeolites during repeated
adsorption/desorption cycles. This is mainly because of the loss of
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isolated Pd(II) ions and the formation of bulk PdOy particles [17].

An LTA (Linde type A) zeolite with high Si/Al ratio (> 10) was
recently successfully synthesized [19]. The remarkable stability of a
Cu/LTA catalyst for NH3-SCR reaction has been recently investigated by
Ryu et al. and our group [20,21]. For example, minor structure and
activity changes were found after hydrothermal aging at 900 °C. Given
the impressive hydrothermal stability of the Cu/LTA catalyst for NHs-
SCR reaction, it is possible that a Pd/LTA catalyst might also achieve
the promising stability needed for the PNA application. Lim et al. [22]
have studied Pd-supported LTA catalysts for the application of CH,4
oxidation, which is the only work that can be found using a Pd/LTA
catalyst. However, to our knowledge, there are no published papers that
employ the LTA zeolite as a Pd support for a PNA catalyst.

One key factor of automotive catalysts is the long-term hydro-
thermal stability due to the occasional regenerations of a diesel parti-
culate filter at harsh temperatures. The objective of this study is to gain
insight into the performance and the hydrothermal stability of a Pd/
LTA catalyst as a potential PNA material. For comparison, a Pd/SSZ-13
catalyst with similar components, e.g., Pd loading and Si/Al ratio, was
also prepared and studied. The two samples, Pd/LTA and Pd/SSZ-13,
before and after aging, were used for different reactions, including CO
oxidation and NO-TPD with and without CO. To identify catalyst
functions and to understand the changes in depth in the nature of the
structure and Pd species upon aging, the materials were further char-
acterized using multiple techniques. The techniques included ICP, BET,
XRD, #’Al ss-NMR, APT, TEM, HAADF-STEM, in situ DRIFTS, NH;-TPD,
and O,-TPD.

2. Experimental section
2.1. Catalyst synthesis

SSZ-13 and LTA materials with Si/Al close to 15 were prepared
using methods reported in the literature [21,23]. Pd was loaded into
SSZ-13 and LTA zeolites with the incipient wetness impregnation ap-
proach with a Pd(NOs3), solution. The details were reported in the re-
cent publication [21]. Briefly, the PA(NO3), solution was diluted with
MilliQ water and then added into the powder of H/LTA or H/SSZ-13
with continuous manual stirring. After adding Pd(NOs),, the resulting
powder was further mixed with a metal spoon for 15min. until a
homogenous light yellow color was obtained. Thereafter, the sample
was dried in an oven of 60 °C. The obtained powder was further
manually ground and then calcined at 600 °C for 120 min. with a
heating ramp of 2 °C/min in the furnace with static air.

Finally, palladium-loaded powder was applied for the monolithic
washcoating with a cell density of 400 cpsi. The size of the monolith
was around 15 mm in diameter and 20 mm in length. Disperal P2 from
Sasol was added to the powder with binder function to increase the
adhesion of the zeolite. The ratio between zeolite powder and binder
was controlled to be around 95 to 5. The slurry used for the washcoat
consisted of around 20 % solid and 80 % liquid in weight, where the
liquid consisted of 50 % MilliQ water and 50 % ethanol in weight. The
entire weight of washcoat on the monolith was around 300 mg for all
the samples, with a difference of no more than 5mg. The obtained
monolith was further calcined at 500 °C for 120 min with a heating
ramp of 5°C/min in the furnace with static air. Fresh samples directly
from the furnace are named as Pd/zeolite_fresh (zeolite = LTA or SSZ-
13). Then, the monolith was pre-treated at 750 °C for 2 h with 5 % H,0,
10 % O, balanced in Ar in a flow reactor and named as Pd/zeolite_750
(zeolite = LTA or SSZ-13). This step was added to improve the ion
exchange level of Pd ions in the zeolite [9]. The monolith was further
aged at 800/850 °C for 15 h and also treated at 900 °C for 8 h with 5 %
H-0, 10 % O, balanced in Ar. The obtained samples are named as Pd/
zeolite_800, Pd/zeolite_850, and Pd/zeolite_900 (zeolite = LTA or SSZ-
13), respectively.
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2.2. Catalyst characterization

Inductively Coupled Plasma (ICP) used for the elemental analysis
was performed by ALS Scandinavia AB. The instrument model of Tristar
3000 from Micromeritics was applied for the measurement of N, ad-
sorption-desorption isotherms at the temperature of 77 K. Prior to the
test, the sample was degassed at 200 °C overnight with continuous
flowing N,. The specific surface areas were obtained based on
Brunauer-Emmett-Teller (BET) method and pore volumes were ac-
quired with the t-plot method.

Powder X-Ray Diffraction (XRD) analysis were performed with the
instrument model of SIEMENS diffractometer D5000. The setup was
conducted at 40 mA and 40kV with an X-ray energy of Copper K-a
radiation (A = 1.5418 1°\). The spectra were collected from 5 to 40 de-
gree of 2 theta with 0.02° per step.

Solid-state NMR analysis of 2’ Al was performed on an Agilent Inova
600 MHz instrument using a 3.2mm HX (double resonance) magic-
angle spinning (MAS) probe. Analysis was documented at a rate of
15kHz. 1M Al(NO5); solution was used as the reference for the 27Al
ppm scale. The repetition delay used was 3s, and the excitation was
performed using a 10° radio frequency (RF) pulse, which was calibrated
on the reference solution. The *?Al NMR spectra were collected 512
times and then accumulated. After that, the signal was normalized by
the weight of catalyst used for analysis.

The tips for Atom Probe Tomography (APT) were prepared using a
FEI Versa 3D Focused Ion Beam/Scanning Electron Microscope (FIB/
SEM). The 4 pm diameter of the particles were too small for a standard
lift out, and thus a few particles were lift out together, held by Pt de-
position, and attached to an Si post on a wafer. The details are de-
scribed in Supplementary Information (Fig. S-1). The APT analysis was
performed in a LEAP 3000X HR (Imago Scientific Instruments) with a
reflectron and a 532 nm wavelength laser. Due to the high risk of pre-
mature fracture, the temperature was kept relatively high at 70 K and
the laser energy was 0.7 nJ, which is also relatively high. The laser
pulse frequency was 200kHz, and the detection rate was 0.2 %.
Reconstruction and data analysis were done using the IVAS 3.6.14
software (Cameca).

Transmission Electron Microscopy (TEM) images were acquired to
observe the tomography of the catalysts at different magnifications with
an FEI Tecnai T20 instrument conducted at 200 kV using a LaBg fila-
ment. The samples were primarily dispersed in ethanol and followed by
ultrasonication. One drop of the resultant solid-liquid mixture was
loaded on a copper grid (3 mm) covered by a porous carbon film. The
nature of Pd species were further studied with Scanning Transmission
Electron Microscopy (STEM) using a FEI Titan 80-300 with a high-
angle annular dark-field (HAADF) detector. The instrument was carried
out in the STEM mode with an operating voltage of 300 kV.

NH; Temperature-Programmed Desorption (NH3-TPD) was con-
ducted with the same flow reactor system as the NH3-SCR experiments,
as described in Section 2.3. The procedure was as follows: (1) pre-treat
the monolith at 500 °C in O,/Ar with 5 % H,0 for 30 min; (2) cool the
monolith to 100 °C in Ar with 5 % H,0; (3) adsorb 400 ppm NHj; in Ar
with 5 % H,O for 1h; (4) purge the monolith in Ar with 5 % H,O for
20 min at 100 °C; and (5) heat the monolith from 100 to 650 °C at 20 °C/
min in Ar with 5 % H50.

O, Temperature-Programmed Desorption (O»-TPD) was conducted
using a Differential Scanning Calorimeter with a mass spectrometer
(MS) as detector. The catalyst was pre-treated at 150 °C for 60 min with
5% O, in Ar and cooled to 25 °C and maintained for 30 min in O,/Ar.
After that, the catalyst was flushed with Ar for 30 min. TPD was then
conducted from 25 to 800 °C using a rate of 10 °C/min in Ar.

In situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) was performed using a Bruker Vertex 70 spectrometer. The
instrument is fitted with an MCT detector. The spectra were acquired
with 256 scans and a resolution of 4 cm ™. The catalyst was first pre-
treated in 10 % O,/Ar for 60 min at 500 °C and cooled to 80 °C in the
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same flow. Background was then taken at 80 °C before NO adsorption.
After that, 200 ppm NO was added into the gas phase for 30 min of
adsorption. Using the obtained background, the spectrum was con-
tinuously recorded every minute.

2.3. Flow reactor tests

CO oxidation experiments was performed on the monolith using
500 ppm CO, 5 % H,0, 8 % O, in Ar with the flow rate of 1200 mL/min.
The monolith was first heated to 300 °C and maintained for 60 min, and
then cooled to 80 °C at a ramp rate of 20 °C/min and maintained at each
step for 60 min (20 °C per step).

For NO-TPD experiments with or without CO, the monolith was
subjected to 200 ppm NO, 200 ppm CO (if used), 8 % O,, 5 % H,0 in Ar
with the flow rate of 350 mL/min at the temperature of 80 °C for 60 min
to saturate the PNA. Thereafter, the monolith was first purged with 8 %
05, 5 % H,0 in Ar for 30 min at 80 °C and heated up to 500 °C at a ramp
rate of 20 °C/min. Note that, before the TPD experiments, the monolith
was pre-treated using 8 % O, 5 % H,O in Ar for 20 min at 500 °C.

3. Results and discussion
3.1. Characterizations

3.1.1. Textural properties of Pd/zeolites (XRD, BET, %”Al ss-NMR)

As presented in Table 1, two samples with comparable Si to Al ratios
(~15) and Pd loadings (~1.5wt.%) for each zeolite were prepared.
The Pd/Al ratios were controlled to be approximately 0.2. Note that the
scope of this work is not only to elucidate the performance of Pd/
zeolites, i.e., LTA and SSZ-13, for a PNA application, but to understand
the evolution of different Pd species after harsh aging. Considering the
Si/Al and Pd/Al ratios and referencing the literature [11,13], the
samples prepared in the study were to consist of not only isolated Pd(II)
ions but also PdOy nanoparticles. This was further investigated with
different characterization methods, e.g., TEM.

Table 1 shows specific surface areas and pore volumes for both fresh
and aged samples. Only minor changes were found for the Pd/LTA
sample upon aging compared to the Pd/SSZ-13 sample. For example,
the loss of surface areas at aging up to 900 °C for Pd/LTA and Pd/SSZ-
13 were around 12 % and 43 %, which was similar to findings for the
pore volumes of the samples. This suggests that the Pd/LTA sample
showed remarkable hydrothermal stability, similar to the Cu/LTA
sample reported previously [20,21]. However, the structure of the Pd/
SSZ-13 sample experienced severe damage after the harsh aging at
900 °C.

The lower panel of Fig. 1 presents the X-ray diffraction patterns for
the fresh (solid black line) and 900 °C aged (dotted red line) Pd/LTA
samples. Both samples show diffraction peaks essentially identical to
the parent H/LTA [21]. No significant intensity decline was found after
900 °C aged, demonstrating the robust stability of LTA zeolite topology

Table 1
ICP results, BET surface areas (Sggr), and pore volumes (Vpore) using t-plot
method for fresh and aged Pd/LTA and Pd/SSZ-13 samples.

Sample Pd content Si/Al Pd/Al Sper (m? Vpore
(wt. %) ratio ratio g™ (em® g7
Pd/LTA fresh 1.4 14.5 0.15 554 0.30
Pd/LTA_750 - - - 547 0.29
Pd/LTA_800 - - - 542 0.28
Pd/LTA_850 - - - 511 0.27
Pd/LTA_900 - - - 487 0.25
Pd/SSZ-13_fresh 1.6 15.0 0.18 563 0.29
Pd/SSZ-13_.750 - - - 551 0.28
Pd/SSZ-13_.800 - - - 520 0.27
Pd/SSZ-13_850 - - - 433 0.20

Pd/SSZ-13.900 - - - 322 0.16
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Fig. 1. XRD patterns for the fresh and 900 °C aged Pd/LTA (lower panels) and
Pd/SSZ-13 (upper panels) samples.

[20] and XRD is not sensitive to small structural changes. In contrast,
XRD patterns displayed noticeable variation in the Pd/SSZ-13 samples,
presented in the upper panel of Fig. 1, before and after hydrothermal
aging. In other words, a significant signal drop was observed due to the
decreased crystallinity of the SSZ-13 structure upon aging at 900 °C, in
line with the BET results (Table 1).

As highlighted in the enlarged right panels of Fig. 1, the zeolite
diffraction peaks shifted to higher angles in the aged sample than those
in the fresh state, which is surely a result of change in the zeolite lattice
parameter [24]. According to the Bragg equation (d= FMS)’ the d-
spacing related to the two strong peaks in Pd/zeolite was calculated,
and the obtained values were inserted into the figure. The value of d-
spacing reduced from 9.00-8.93A in the 900°C aged Pd/SSZ-
13 sample, which suggests lattice contractions [24]. However, the
change in d-spacing was not apparent for the aged Pd/LTA sample. Su
et al. [25] reported a novel Pd-doped CeO, structure, where Pd adopted
a square planar configuration, not the expected octahedral configura-
tion. However, this was not the case in Pd/LTA or Pd/SSZ-13 catalyst.
Considering the much larger size of Pd ion in comparison of Al or Si, if
Pd was doped into the zeolite framework, it would inevitably cause
expansion of zeolite structure and even the destruction of the frame-
work structure. But, as shown in Fig. 1 of XRD results, no structure
expansion was found after 900 °C aging for both samples.

27A1 solid-state NMR (%Al ss-NMR) was demonstrated to be more
sensitive than XRD for disclosing the local changes of zeolite frame-
works upon hydrothermal aging [26]. Thus, this technique was used to
further investigate the influence of aging on the local Al environment to
more precisely determine zeolite structural changes [27,28]. Fig. 2
shows 27Al ss-NMR spectra for the degreened (750 °C) and aged (900 °C)
Pd/LTA and Pd/SSZ-13 samples. All spectra exhibited resonances at
approximately 59 and O ppm, arised from tetrahedrally coordinated
framework aluminum (Alg) and extra-framework aluminum (Algg), re-
spectively [29,30]. After aging at 900 °C, both Pd/LTA and Pd/SSZ-
13 samples showed a decline in Alg (i.e., 59 ppm) intensity due to
dealumination as compared to their degreened counterparts. To acquire
the quantitative degree of dealumination during the aging process, the
Al signals were integrated, normalized using the weight of samples,
thereafter, a ratio with the relevant 750 °C aged Pd/zeolite Al signals
was determined. The obtained values of Alz(900)/Alx(750) have been
inserted into Fig. 2, where the values are 0.95 and 0.71 for Pd/LTA and
Pd/SSZ-13. Accordingly, the Pd/SSZ-13 sample experienced more sig-
nificant intensity loss than the Pd/LTA sample, indicative of a differ-
ence in stability between the two samples. Overall, according to BET,
XRD and ?’Al ss-NMR results, it was found that the framework struc-
tures and crystallinity of the Pd/SSZ-13 sample underwent significant
changes upon aging at 900 °C, while only minor changes were found for
the Pd/LTA sample.
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Fig. 2. Al ss-NMR for the 750 °C and 900 °C aged Pd/LTA (black lines) and
Pd/SSZ-13 (red lines) samples.

3.1.2. The state of Pd from image results (TEM, HAADF-STEM, and APT)

A combination of TEM and HAADF-STEM imaging techniques were
employed to determine the location and dispersion of Pd species in Pd/
zeolites before and after aging [29,31]. The M1 and M1’ (M = A, and B)
images in Fig. 3 show the TEM micrographs of the fresh and 900 °C aged
Pd/zeolites, whereas the HAADF-STEM images are shown as M2 and
M2’ (M = A, and B). By correlating the TEM and HAADF-STEM images
for fresh Pd/LTA and Pd/SSZ-13 samples, in combination with in-situ
DRIFT (see Section 3.1.4) it is inferred that the majority of Pd atoms
were present in the zeolite framework and extra-framework position in
the form of ion-exchanged Pd ions (not visible using TEM and HAADF-
STEM) and Pd nanoparticles (black dots in TEM and bright dots in
HAADF-STEM). The pertinent histograms with particle size distribution
were plotted and inserted into the upper left corner of the HAADF-
STEM images (A2 and B2) to visualize the distribution of the Pd particle
size of fresh samples. Pd nanoparticles in the fresh zeolites clearly
showed a very narrow size distribution. Pd nanoparticles mainly had a
size of 1 —2 nm, where the average nanoparticle sizes of 1.6 nm for Pd/
LTA fresh and 1.9 nm for Pd/SSZ-13_fresh were obtained.

A subsequent hydrothermal aging at 900 °C gave rise to the evolu-
tion of large Pd particles on the surface of the zeolite in the Pd/SSZ-
13.900, suggesting the migration and the resulting sintering of Pd, as
shown in B1’ and B2’. Only minor amount of Pd particles in the di-
mension of 1 —2nm were observed. But this was not observed for the
Pd/LTA sample when aged at 900 °C, as shown in the images in A1’ and
A2’. Pd remained well dispersed after hydrothermal aging in the Pd/
LTA 900 sample. The size of Pd nanoparticles in the Pd/LTA_900
sample was similar to the size of Pd nanoparticles in the Pd/LTA _fresh
sample. A main contribution to the difference in the stability of the Pd
nanoparticles between Pd/LTA and Pd/SSZ-13 could be due to the di-
versity in the stability of the zeolite framework structure [20]. Results
from BET, XRD, and %Al ss-NMR (Table 1, Figs. 1, and 2), clearly show
that Pd/LTA is more robust compared to Pd/SSZ-13 upon hydrothermal
aging, where the physical characteristics of LTA are well maintained,
while the framework structure of SSZ-13 is greatly damaged. Therefore,
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it was expected that the destruction of the aged Pd/SSZ-13sample
would result in an easier migration and sintering of the Pd species
[32-34]. No similar phenomenon was found for the Pd/LTA sample due
to its well-maintained zeolite structure. Another study by our group
[35] used a Pd/LTA sample with an Si/Al ratio ~ 50 for methane
oxidation. That study found that a harsh aging temperature (e.g.,
900 °C) caused the severe migration and sintering of Pd species. Gen-
erally, zeolite materials with high Si/Al ratio, i.e., less Al content, ex-
hibited better hydrothermal stability, which was widely reported pre-
viously. The dealumination of zeolite was considered to be the main
reason for structural damage after high-temperature hydrothermal
aging. According to the XRD, BET and *’Al-NMR results (Table 1,
Figs. 1 and 2), it is clear that the structure of Pd/LTA (Si/Al ~ 15) was
largely maintained after 900 °C aging and the phenomenon of deal-
umination was minimal. Therefore, due to the ultra-high stability of
LTA zeolite, under 900 °C hydrothermal aging conditions, the structure
stability of Pd/LTA (Si/Al ~ 15) and Pd/LTA (Si/Al ~ 50) did not show
much difference. Since the structure of both was not damaged upon
900 °C aging, accordingly, it was suggested that the presence of abun-
dant framework Al sites in Pd/LTA (Si/Al ~ 15) plays a key role in
stabilizing Pd species, e.g., PdOx nanoparticles, upon harsh aging. It is
most likely that these framework Al sites were the anchors for PdO,
nanoparticles to interact in certain form during the harsh aging, e.g.,
[Al-O-Si] ~-[PdO,] *.

To further confirm the migration of Pd species for the Pd/SSZ-
13 sample when aged, APT analysis was conducted, and reconstructions
of the analyses of the Pd/SSZ-13_750 and Pd/SSZ-13_900 samples are
presented in Fig. 4. The Pd atoms are illustrated in yellow, indicating a
cluster in the Pd/SSZ-13_750 sample (see Supplementary information
Fig. S-2 for magnification). The other atoms were evenly distributed. As
the Pd is barely visible in the mass spectrum of the Pd/SSZ-13.900
sample, only the possible peak at 106 Da was ranged, and it is shown as
Pd in the figures (details shown in Fig. S-3 and Fig. S-4). Thus, many of
the atoms shown in the figures are part of the background.

The local composition found using APT is given and listed in
Table 2. Although others have reported a low Al content in zeolites
analyzed using APT [36,37], the Si/Al ratio measured in the present
study was close to what was expected and as measured with other
techniques, i.e., ICP shown in Table 1 (Si/Al ~ 15 from ICP and APT). It
should be noted that these compositions are local and not re-
presentative of the entire zeolite, as the APT analyzed volume was
much smaller than a full zeolite particle. The five isotopes of Pd in the
Pd/SSZ-13_750 sample can be seen in the mass spectrum (Fig. S-4).
There was only one possible indication of Pd after aging at 900 °C, at m/
n 106 Da (Fig. S-4). This was the most abundant isotope; the rest may
have been obscured by background. Thus, a conservative upper limit of
the Pd content was estimated from the °°Pd isotope. The local atomic
Pd content was measured to be 0.4 % using APT, which is equal to
around ~ 2.0 wt.% in the Pd/SSZ-13_750 sample. This is close to the
1.6 wt.% of Pd measured by ICP for the Pd/SSZ-13 sample (see Table 1).
However, less than 0.1 % atomic percentage in the Pd/SSZ-13_900
sample aged at 900 °C was found, which corresponds to less than 0.5 wt.
% Pd. It should be noted that before the APT measurements, the sample
is sharpened using annular milling to get the correct shape for APT. It is
therefore possible that the Pd particles formed on the outside or close to
the edges of the zeolite particle during aging is removed during the
milling and polishing. Thus, the APT measurements, showing a lower
Pd concentration for aged sample, is in line with the TEM and HAADF-
STEM images, where it could be observed that most of the Pd species
had migrated and sintered on the surface when the Pd/SSZ-13 sample
was aged. Moreover, the content of Al was significantly lower after
aging at 900 °C, 1.2 at.% as compared to 2.1 at.% after aging at 750 °C,
suggesting the occurrence of dealumination, in line with 2”Al ss-NMR
(Fig. 2).

Radial distribution function (RDF) analysis was also conducted, and
the obtained results are displayed in Fig. S-5. PdOx exhibited a Pd-Pd



A. Wang, et al.

Applied Catalysis B: Environmental 278 (2020) 119315

Pd/LTA_fresh

Pd/SSZ-13_fresh

Count (%)
NN

2
Particle Size (nm)

Pd/SSZ-13_900

900

Fig. 3. TEM (left) and HADDF-STEM (right) images for the fresh and 900 °C aged Pd/LTA (Al, A2, A1’ and A2’) and Pd/SSZ-13 (B1, B2, B1’ and B2’) samples.
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Fig. 4. APT reconstructions. Yellow spheres indicate Pd atoms, blue show the outline of the reconstruction (and correspond to Al, O, and Si). The SEM images of the

tips prior to analyses are shown to the left.

Table 2
Local compositions (O, Pd, Al, and Si) from APT analysis.

Pd/SSZ-13_750

Pd/SSZ-13_900

composition (at.%)

error (at.%)

composition (at.%)

error (at.%)

(0] 63.0 0.29 63.0 0.10
Pd 0.4 0.02 <0.1 0.03
Al 2.1 0.04 1.2 0.05
Si 34.0 0.19 36.0 0.10

tendency for clustering in the Pd/SSZ-13_750 sample. The Al-Al RDF
was unity for all distances in the same material, implying a random
distribution of Al atoms. Only the peak at 106 was used for the RDF of
Pd-Pd after aging at 900 °C, and there were no indications of clustering
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for Pd or Al. It was deduced that only a small amount of monodispersed
Pd species was found inside the catalyst after harsh aging at 900 °C for
the Pd/SSZ-13 sample.

3.1.3. NHj3 temperature-programmed desorption (NH3-TPD)

Fig. 5 presents the curves from the NH3-TPD of fresh and aged Pd/
LTA and Pd/SSZ-13 samples for an investigation of Lewis and Brgnsted
acid sites [38,39]. To facilitate the interpretation of the Pd/zeolites,
NH;-TPD experiments were also performed over H/zeolites (gray lines
in Fig. 5). Note that NH5-TPD was performed in the presence of 5 %
H>0. Two predominant NH; desorption features were observed for H/
LTA and H/SSZ-13 samples: a low-temp shoulder at 150 ~200 °C, as-
signed to the release of NH; from weak acid sites, e.g., external Si — OH
and Al — OH [21]; and a high-temp peak at 300 ~ 400 °C, related to the
Brensted acid sites [40].
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Fig. 5. NH;3-TPD profiles for H/zeolites, fresh and aged Pd/LTA (a) and Pd/SSZ-13 (b) samples.
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Investigation of the NH3-TPD curves for fresh Pd/LTA and Pd/SSZ-
13 samples (black lines) showed three distinct desorption peaks, where
the newly emerged peak (250 ~ 300 °C) was assigned to the stored NH3
on ion-exchanged Pd sites [41]. Interestingly, more Brgnsted sites were
used up after the loading of Pd on LTA than on SSZ-13, where the
ammonia storage was decreased by 41 % for Pd/LTA, while only by 22
% for Pd/SSZ-13. This phenomenon possibly comes from two reasons:
(i) more Pd ion-exchanged with Brgnsted acid sites in the LTA zeolite
framework. However, this was ruled out based on the NO-TPD profiles
shown in Section 3.2.2; (ii) ion-exchanged Pd species (i.e., Pd?* and
[PA(OH)] ) differed between the two zeolites, where Pd?>* consumed
two nearby Al, and only one Al needed for [PA(OH)]*. In our previous
work [21] with analogous Si/Al ratios and also Cu loadings, the con-
centration of Cu®>* in Cu/LTA was found to be significantly higher than
in Cu/SSZ-13, indicating that more Al sites in the framework of LTA are
situated in pairs. This will be further discussed in Section 3.1.4 in
combination with the NO-DRIFTS results.

Minor changes were found in the Pd/LTA and Pd/SSZ-13 samples
upon degreening at 750 °C for 2h (red lines). The desorption of NH3
from the Brgnsted acid sites decreased significantly when the aging
temperature was increased to 800 °C. Meanwhile, no apparent changes
were found for the NH; desorbed from weak acid sites and isolated Pd
sites. These results illustrate that the Pd cationic ions exchanged to the
framework are quite robust, while Brgnsted acid sites begin to diminish
under aging at 800 °C. The NH; desorption from both Brgnsted acid
sites and Pd ions showed a dramatic decrease when the temperature
was increased again to 850 °C and then to 900 °C. These results suggest
that 850 °C is probably the critical point for Pd ions to detach from the
zeolite framework. Brgnsted acid sites basically disappeared when the
sample was aged at 900 °C. Interestingly, in our previous work [21], the
NHj; storage capacity of Cu/LTA was maintained at remarkable levels
after aging at 900 °C. However, the decline was significant for the Pd/
LTA sample in the current study. This is probably due to the presence of
different Pd species, e.g., PdO, nanoparticles.

3.1.4. In situ diffuse reflectance infrared fourier transform spectra
(DRIFTS)

NO-DRIFTS experiments were conducted on fresh Pd/LTA and Pd/
SSZ-13 samples to further characterize Pd species. The IR spectrum
after the adsorption of NO is shown in Fig. 6. The samples were pre-
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Fig. 6. DRIFTS spectra obtained from NO adsorption for fresh Pd/LTA (black
line) and fresh Pd/SSZ-13 (red line) samples.
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treated with 10 % O,/Ar for 60 min at 500 °C, and then cooled to 80 °C
in the same gas flow prior to NO adsorption. According to the literature,
the bands that appear at 1500 ~ 1650 cm ~ ! are attributed to the nitrate
species [10,42]. This was expected and is consistent with the presence
of PdO, nanoparticles, as seen in the TEM and HAADF-STEM images
(Fig. 3), indicating that Pd-nitrate species have been formed. Two
nearby bands centered at ~1865 and 1814 cm ~ ! were found in the two
samples. The former band, i.e., 1865cm ™", was attributed to linear
nitrosyl species, in which from NO was adsorbed on cationic pdz*,
denoted Pd2*-NO [9,43]. Based on experimental and theoretical data,
the assignment of the band at 1814 cm ™~ * was associated with Pd*-NO
[13,43]. Previous studies [13] have proposed the formation mechanism
of Pd™ sites at the adsorption temperature, i.e., 80 °C, according to the
following equation:

®

Our experimental data on NO-TPD agrees with this suggestion,
where the formation of NO, upon the addition of NO was immediately
observed.

The key point obtained from NO-DRIFTS is the distinct distribution
of these two peaks, at 1865 and 1814 cm ™!, between the Pd/LTA and
Pd/SSZ-13 samples. The peak at 1865 cm ™! was clearly dominant in
the Pd/LTA sample and shows that there are more Pd2*"-NO [9,43] in
Pd/LTA, i.e., more Pd that are bound to two Al In contrast, 1814 cm ™!
was the main peak in the Pd/SSZ-13 sample, which indicates more [Pd
(OH)]*. This is in consistent with the NH3-TPD curves (Fig. 5), where
more Brgnsted acid sites were consumed after the loading of Pd on LTA
zeolite, suggesting that more Pd®* species with two nearby framework
Al sites were available in the fresh Pd/LTA sample in comparison to the
fresh Pd/SSZ-13 sample. This is in line with the Cu/LTA sample as re-
ported in our earlier work [21]. There may be different reasons for the
concentration of paired Al sites in LTA zeolite. Recently, Zhang et al.
[44] found that the use of different organic templates in the synthesize
step would produce different amount of paired Al sites in the CHA
zeolite and more paired Al sites resulted in better hydrothermal stabi-
lity. Therefore, the high concentration of paired Al sites in LTA might be
due to the organic template (i.e., 1,2-dimethyl-3-(4-methylbenzyl)
imidazolium) used in the synthesis process. At the same time, it is
certain that the structure of LTA itself also plays an important role in
the distribution of Al.

3.1.5. O, temperature-programmed desorption (O,-TPD)

0,-TPD experiments was performed from 25 to 800 °C to identify
the origin of the difference of the PdOy species after accelerated tem-
perature-aging Pd/zeolite samples and to reveal the interaction of the
bonded oxygen species with the surface of the samples. Fig. 7 presents
the O,-TPD curves of fresh and aged Pd/LTA and Pd/SSZ-13 samples.
Note that O,-TPD was also performed on pure H/LTA and H/SSZ-
13 samples (not shown), where no obvious desorption peak of O, was
found. In the O,-TPD curves of the Pd/LTA samples, two desorption
features are observed: one weak feature located at 110—130°C, as-
signed to the desorption of the adsorbed oxygen on the oxygen va-
cancies on PdOy species [45]; and a strong feature at 550 — 650 °C, as-
signed to the desorption of the lattice oxygen, i.e., the decomposition of
PdO, species [45,46]. Interestingly, only one apparent O, desorption
peak was found for the Pd/SSZ-13 samples where no obvious surface
oxygen species were found to adsorb onto PdO, species. The results
suggest that oxygen vacancies existed in the Pd/LTA samples but not in
the Pd/SSZ-13 samples.

The oxygen peak areas originating from the decomposition of PdOy
species can be linked to the oxidation state of Pd and its coordination
number [46]. In this context, the decomposition curves of the Pd/zeo-
lites were integrated and normalized to evaluate the amount of O,
desorption, shown as imol/gcatatyst. The values are presented in Table 3.
It is a clear trend that the amount of O, desorption gradually decreased
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Fig. 7. Oo-TPD curves for fresh and aged Pd/LTA (a) and Pd/SSZ-13 (b) samples.

Table 3
O, desorption amount obtained from O,-TPD profiles for fresh and aged Pd/
LTA and Pd/SSZ-13 samples.

Sample 0, desorption amount (UmOl/gcatalyst)

Fresh 750 800 850 900
Pd/LTA 7.9 5.9 3.8 3.1 2.1
Pd/SSZ-13 10.6 9.7 8.7 8.5 7.7

as the aging temperature increased for both Pd/zeolites, which suggests
oxidation state and/or oxygen coordination of Pd species decreased.
Note that the degree of Pd/LTA decline was significantly higher than
that of Pd/SSZ-13 based on Table 3. For example, the desorption
amount of O, decreased from 7.9 to 2.1 pmol/gcatalyst (~ 73 %) for the
Pd/LTA sample after aging at 900 °C, whereas it only decreased from
10.6-7.7 umol/geatatyst (~ 27 %) for the Pd/SSZ-13 sample. It is sug-
gested that after aging at 900 °C, most PdO, nanoparticles in the Pd/
LTA sample had been converted to low valence state Pd species, e.g.,
metallic state, while only a small part in the Pd/SSZ-13 sample was
changed. The TEM images (Fig. 3) show that Pd remained well dis-
persed in the Pd/LTA sample, however, Pd migrated and sintered on the
zeolite surface of the Pd/SSZ-13 sample after aging at 900 °C. It can be
inferred that bulk PdO, particles formed in the Pd/SSZ-13 under high
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temperature aging maintained a good oxidation capacity.
3.2. Flow reactor

3.2.1. CO oxidation

CO oxidation profiles are presented in Fig. 8a, where 500 ppm CO, 8
% 02, 5 % H,0 in Ar with a space velocity of 22 000 h~! was used. The
fresh Pd/zeolite samples showed relatively high catalytic activity to-
wards CO oxidation. The catalytic performance of Pd/SSZ-13_fresh was
better than Pd/LTA fresh. For example, the CO conversions at 140 °C
were 25 % and 90 % for the Pd/LTA _fresh and the Pd/SSZ-13_fresh
samples, respectively. PdO, nanoparticles are suggested to be highly
active for CO oxidation [47]. Therefore, the difference in catalytic ac-
tivity between these two samples could be due to the following reasons:
(1) the quantity of PdO4 nanoparticles, where according to the O-TPD
(Fig. 7 and Table 3), more PdO, nanoparticles were presented in the
Pd/SSZ-13_fresh sample (10.6 umol/gyashcoar) than in the Pd/LTA fresh
(7.9 UMOl/gwashcoar) Sample; (2) the average sizes of Pd nanoparticles,
which were 1.6 nm (Pd/LTA_fresh) and 1.9 nm (Pd/SSZ-13_fresh); and
(3) the effect of zeolite supports, i.e., LTA and CHA.

Clearly, as the aging temperature increased, the CO conversion of
the two catalysts continuously decreased. To gain better insight into the
deactivation between these two samples after aging, the increased Tsq
(ATsg, Tso=the temperature of 50 % conversion) was calculated and
inserted into the figure. When aged at 900 °C, the obtained ATs, of Pd/
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Fig. 8. (a) Conversion versus temperature curves for catalytic CO oxidation in the presence of H;O on the fresh and aged Pd/LTA and Pd/SSZ-13 samples. (b)
Arrhenius plots for CO oxidation in the presence of H,O on the fresh and aged Pd/LTA and Pd/SSZ-13 samples.
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Fig. 9. (a) NO desorption profiles for fresh and aged Pd/LTA and Pd/SSZ-13 samples. NO adsorptions without CO at 80 °C for 60 min. (b) NOy storage (NO/Pd)

obtained from NO-TPD profiles for fresh and aged Pd/LTA and Pd/SSZ-13 samples.

LTA and Pd/SSZ-13 were 25 and 38°C, respectively, as shown in
Fig. 8a. It was deduced that the Pd/SSZ-13 sample had undergone more
severe deactivation than the Pd/LTA after aging at 900 °C. The key
information obtained from the deactivation of Pd/zeolites for CO oxi-
dation upon aging, is that the decrease in valence and the sintering of
Pd nanoparticles both affect catalytic activity, where the effect of sin-
tering may be greater.

Fig. 8b shows Arrhenius diagram with the results of low CO con-
version normalized to the mass of the washcoat (mol CO g‘,_mlshwat s7h.
The apparent activation energies for fresh and aged Pd/LTA and Pd/
SSZ-13 samples were similar, ranging from 60 to 80kJ/mol. An im-
portant mechanistic hint can be derived from the close apparent acti-
vation energies, i.e., the sites active towards CO oxidation were con-
sistent among all the samples, i.e., PdOy species [48]. For example, Soni
et al. [49] and Kibis and coworkers [50] found that oxidized Pd species
(i.e., Pd*™) were significantly active for CO oxidation at low tempera-
ture evident from XPS and IR techniques. The corresponding apparent
activation energies for all samples are summarized in Fig. S-6 in Sup-
porting Information.

3.2.2. Passive NO, adsorber (PNA) experiments

Fig. 9(a) displays the NO, desorption curves in the absence of CO
during NO adsorption for fresh and aged Pd/LTA and Pd/SSZ-13 sam-
ples. After 60 min of adsorption with 200 ppm NO, the NO concentra-
tion remained unchanged, as presented in Fig. S-7 (see Supporting In-
formation), suggesting that the samples had been saturated. Followed
by 30 min purge, the catalyst was heated up to 500 °C with the ramp
rate of 20 °C/min.

As shown in Fig. 9(a), for fresh Pd/zeolites (black lines), two main

Table 4
Capacity for NOy storage (NO,/Pd) acquired from NO-TPD experiments for
fresh and aged Pd/LTA and Pd/SSZ-13 samples.

Degreening CO concentration NO,/Pd ratio
Temperature (ppm)
Pd/LTA Pd/SSZ-13
Low High All Low High All
Fresh 0 0.11 0.24 0.35 0.07 0.23 0.30
200 - - 0.52 - - 0.41
750 0 0.12 023 0.35 0.10 0.27 0.37
200 - - 0.55 - - 0.49
800 0 0.14 0.18 0.32 0.13 0.24 0.37
200 - - 0.53 - - 0.49
850 0 0.14 0.11 0.25 0.06 0.12 0.18
200 - - 0.38 - - 0.24
900 0 0.10 0.06 0.16 0.03 0.06 0.09
200 - - 0.20 - - 0.11

NO, desorption regions located at low (150~250°C) and high
(300 ~ 450 °C) temperatures were found, indicating the existence of two
distinct forms of NO, adsorption sites [11]. Fig. 9(b) presents the cal-
culated NO,/Pd ratios for Pd/LTA sample and Pd/SSZ-13 sample, and
the details are listed in Table 4. The ICP results (see Table 1) show that
the Pd loading was between 1.4-1.6 wt.%, and it is therefore important
to compare the NO,/Pd ratio and not just the integrated amount [9,43].
One key point is that the aging temperature above 800 °C (i.e. 850 and
900 °C) caused a dramatic decrease in the capacity for NOy storage for
both Pd/zeolite samples, especially for the Pd/SSZ-13. For instance, the
NO,/Pd ratio of the Pd/SSZ-13 sample reached the maximum value of
0.37 after aging at 800 °C, and this dropped to 0.18 after aging at
850 °C, an approximately 52 % drop; however, the decreased storage
for Pd/LTA was only ca 22 %, from 0.32 to 0.25.

Another interesting point is the evolution trend of the low-tem-
perature desorption amount (150 ~ 250 °C) upon aging. The amount of
NOy desorption at low temperature was well maintained for the Pd/LTA
sample (Fig. 9(b), yellow bars). As the aging temperature was in-
creased, the NO,/Pd ratio increased from 0.11 (fresh) to 0.14 (800 °C),
then decreased slightly to 0.10 (900 °C). However, the NO,/Pd ratio of
the Pd/SSZ-13 sample at low temperature increased from 0.07 (fresh) to
0.13 (800 °C) and decreased significantly to 0.03 upon aging at 900 °C.
In other words, the NO, storages decreased slightly from
14.5-13.2 ymol NO,/8catalyse for Pd/LTA (~ 10 % drop), and from
9.2-3.9 umol NOy/gcatatyst for Pd/SSZ-13 (~ 60 % drop) at low tem-
perature upon 900 °C aging, suggesting that Pd/SSZ-13 sample experi-
enced a significant loss in NO storage. This will be further discussed
later in combination with the assignment of Pd active sites.

According to the literature [10], the majority of the adsorbed NOy
was desorbed at around 300 ~400 °C when small-pore zeolites (8MR),
e.g., Pd/SSZ-13, were used for the PNA application. This was mainly
because the most Pd was at zeolite ion-exchanged sites in the form of
Pd®* and [Pd(OH)]* ions. Lee et al. [11] have systematically studied
the different Pd species inside Pd/ZSM-5 sample, where two various Pd
sites able to adsorb NO were identified, i.e., PdOy species and ion-ex-
changed Pd>*/[Pd(OH)]* ions. This group has suggested that the NO,
desorption < 300 °C and > 300 °C, can be assigned to PdOy and Pd**/
[PA(OH)] " ions, respectively [11].

The profiles of NO and NO, during desorption are displayed in Fig.
S-8(a)-(b). NO was the predominant desorption species, where only a
low concentration of NO, was observed. The curves of NO, desorption
for all samples are plotted in Fig. S-9 to better understand the evolution
of NO, desorption with increasing aging temperature. Two main NO,
desorption peaks can be seen in the figure, one centered at ~200 °C and
another above 400 °C. The desorption peak above 400 °C could be due
to the catalytic oxidation of NO to NO, on the PdOy species [9]. The
decrease in NO, desorption above 400 °C of the Pd/LTA sample was
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mainly attributed to the decomposition of PdO, nanoparticles, which
was observed during O,-TPD profiles where less O, was desorbing
(Fig. 7). For the Pd/SSZ-13 sample it was attributed to the migration
and sintering of PdOy as observed in the STEM images (Fig. 3). This
further confirms that PdO, species are responsible for the NO, emitted
above 400 °C.

Previous studies have suggested that the NO, desorbed below 300 °C
is originating from the decomposition of the Pd-nitrates formed
[11,15]. In line with their suggestion, extra lattice-oxygen would be
required for the formation of Pd-nitrates [11,15]. Our recent work [9]
demonstrated that 750 °C aged Pd/SSZ-13 contained relatively higher
concentration of Pd** species than 650 °C aged Pd/SSZ-13 using XPS. A
significant increase in NO, desorption below 300 °C was observed for
the Pd/LTA and Pd/SSZ-13 samples after 750 °C aging (red lines) as
presented in Fig. S-9. PdO, also satisfied the requirements for the for-
mation of Pd-nitrates, i.e., one extra lattice-oxygen. Therefore, it is
natural to link the desorption of NO, with the presence of PdO,. Pos-
sible adsorption/desorption approaches can be described as follows:

desorl

PA(INO + NO ‘" pd(nyo — No “S" Pd(I1)0 + NO?T )
PA(IV)0, + NO ‘%" paanno, “3 pa(v)0, + NOst
()]
Pd>* + No ‘%" pa+ — No “S” par+ + NO?T ®3)
2[Pd(OEJ* + 3 NO 2" 2Pd* — NO + NO, 1 + H,O
2 SlPd(OR)I + 2NO1T @
NO + 150, = NO»{ )

Reactions (1) and (2) are the possible pathways for the NO/NO,
desorption below 300 °C, and Reactions (3) - (5) are responsible for NO/
NO,, desorption above 300 °C. To adsorb NO, the PdO, species (PdO and
PdO,) should be of the size of the nanoparticles [13], which we observe
in Figs. 3 and 4 in the TEM and APT images (diameter < 2nm), or even
smaller, e.g., isolated, binuclear, and oligomeric species (not visible in
the TEM images) [11,13]. The bulk PdO4 phase has minor NO ad-
sorption capability due to a limited surface area for interaction [11].
Note that the extra oxygen was required in Reaction (2) and (4) during
the desorption step to reoxidze the reduced Pd species. The extra
oxygen was suggested to origin from adsorption of gas-phase oxygen,
considering that 8 % O, was maintained in the feed throughout the NO,
adsorption and desorption process.

Pd/SSZ-13 experienced more severe loss of both NO and NO, des-
orption below 300 °C upon aging above 800 °C, as shown in Figs. 9 and
S-9. This desorption region (< 300 °C) is mainly attributed to the well-
dispersed PdOy species, e.g., PAO and PdO,, as discussed above. Due to
the severe dealumination of the Pd/SSZ-13 sample and structural da-
mage upon aging above 800 °C, the PdOy species migrated and sintered
on the surface of the zeolite to form larger bulk Pd particles, resulting in
a significant loss of NO, desorption at low temperature. However, this
was not found for the Pd/LTA sample, where most Pd nanoparticles
remained upon aging as seen by STEM (Fig. 3). The O5-TPD results
suggested a reduction of the valence of Pd nanoparticles in Pd/LTA
upon aging (Fig. 7), but no apparent Pd migration according to STEM.
Our results show that the NO desorption, at low temperature was
maintained after aging of the Pd/LTA. However, it has in earlier studies
been found that for severe aging with CO, large metallic Pd particles are
formed that are not active for NO adsorption [17,18]. Noted that for the
0O,-TPD the pre-treatment with O, was done at only 150 °C, and this was
probably not enough to reoxidize the decomposed Pd species due to
hydrothermal aging, which can explain the low O, release in the O,-
TPD for aged Pd/LTA samples. However, the aged catalyst was pre-
treated at 500 °C using 8 % O,, 5 % H,0 in Ar and then cooled in the
same gas mixture to 80°C prior to the PNA experiments, and this
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pretreatment likely resulted in a re-oxidation of the decomposed Pd
species (e.g., reformation of PdO and PdO, species), which can explain
that the NO/NO, release at low temperature was maintained in Pd/LTA
after aging.

Fig. 10(a) depicts NOy desorption curves when 200 ppm CO was
added during NO adsorption. The adsorption profiles are shown in Fig.
S-10. Clearly, CO had a significant impact on the NO desorption be-
havior, e.g., storage capacity and desorption temperature. Fig. 10(b)
presents the calculated NO,/Pd ratios for all the samples. In comparison
to Fig. 9(b), it is easily found that the presence of CO during NO ad-
sorption can considerably increase the NOy adsorption ability of Pd/
zeolites, regardless of zeolite framework structure [13,16]. For ex-
ample, the NO,/Pd ratio of Pd/LTA_750 significantly increased from
0.35 to 0.55 (see Table 4) with the addition of CO, ~ 60 % increase [9].
The increased NO, storage with CO was proposed to be due to the
transformation of Pd(II)-NO species to a mixed carbonyl-nitrosyl com-
plex PA(II)(NO)(CO), based on experiments with FTIR spectroscopy
reported previously [43]. PA(I)(NO)(CO) species were suggested to be
more stable, indicating that the presence of CO increased the storage on
some Pd sites that had weak interactions with NO, i.e., no storage at
adsorption temperature (80 °C), but with CO, these sites can interact
more strongly with NO resulting in increased storage. For a more in-
tuitive understanding, we made a schematic diagram, as shown in
Scheme 1 in Supporting Information. Another interesting finding is that
a significant reduction of NOx storage was observed in the low tem-
perature region (150 — 250 °C) in the presence of CO. As we discussed
above, adsorbed NO, on PdO sites were suggested to be responsible for
NO, desorption at low temperature (150—250 °C). Therefore, it is
proposed that the presence of CO hindered the formation of Pd(I[)O-NO
and Pd(II)NOj; as described in Reaction (1) and (2), and/or directly
reduced the PdOy species. It should be emphasized, however, that the
maximum ratios of NO,/Pd for two samples were much lower than the
theoretical value of 1.0, due to the presence of PdOy. The primary ob-
jective of this study was to investigate the effects of hydrothermal aging
on different Pd species, not synthesizing a monoatomic dispersion
catalyst.

The details of the NO,/Pd ratios are listed in Table 4, and the in-
crease in the ratios of NOy storages with the addition of CO were cal-
culated and are presented in Fig. 11. Clearly, the promoted effect of CO
on the Pd/LTA sample was considerably higher than on the Pd/SSZ-
13 sample. For instance, the NO,/Pd ratio increased from 0.35 (without
CO) to 0.55 (with CO) for the Pd/LTA_750 sample, an approximately 58
% increase, whereas the growth rate for the Pd/SSZ-13_750 sample was
ca 30 % (from 0.37 to 0.49). As found in previous work [43], the effect
of CO is mainly on the ion-exchanged Pd ions. Thus, this phenomenon is
most likely related to the differences in Pd ions (i.e., Pd?>" and [Pd
(OH)]1*) in the two Pd/zeolites. Based on the NH5-TPD profiles (Fig. 5)
and NO-DRIFTS spectra (Fig. 6), Pd** with two nearby framework Al
sites dominated in the fresh Pd/LTA sample, while [Pd(OH)]* with
only one framework Al necessary dominated in the Pd/SSZ-13 sample.
Therefore, it was deduced that the improvement of the NO adsorption
ability of CO on the Pd*" site is more significant than on the [Pd
(OH)] ™ site. As presented in Fig. 11, the difference between the Pd/LTA
and Pd/SSZ-13 samples due to CO presence, disappeared after aging at
900 °C. We suggest that this is because only a small amount of Pd** was
present in the two samples after aging at 900 °C, which is possible that
the Pd>* in Pd/LTA was transformed to [Pd(OH)]*, upon high tem-
perature aging. This is in consistent with our study of Cu/LTA, where
we found that Cu®>* was transformed to [Cu(OH)]™ during hydro-
thermal aging [21].

4. Conclusions
Pd/LTA and Pd/SSZ-13 samples, with similar Si/Al ratios and Pd

loadings containing multiple Pd species (i.e., isolated Pd ions (Pd?* and
[PA(OH)] *) and 1~2nm PdO, nanoparticles), were synthesized. The
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Fig. 10. (a) NO desorption profiles for fresh and aged Pd/LTA and Pd/SSZ-13 samples. NO adsorptions with 200 ppm CO at 80 °C for 60 min. (b) NO, storage capacity
(NO,/Pd) obtained from NO-TPD profiles for fresh and aged Pd/LTA and Pd/SSZ-13 samples.
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Fig. 11. The increase ratios of NOy storages with the addition of CO for fresh
and aged Pd/LTA and Pd/SSZ-13 samples.

zeolite structure of the Pd/LTA sample was well maintained after harsh
aging up to 900 °C, however, the structure of the Pd/SSZ-13 sample
experienced severe damage due to dealumination. The destruction of
the Pd/SSZ-13 sample upon aging led to the migration and sintering of
PdO, nanoparticles on the zeolite surface to form bulk PdO, particles. A
large number of PdO, nanoparticles were retained in the aged Pd/LTA
sample. It was found that the majority of PdO, nanoparticles in aged
Pd/LTA had converted to low valence state Pd, e.g., the metallic state,
which likely were re-oxidized during PNA experiments. However, the
bulk PdOy particles formed in the aged Pd/SSZ-13 sample maintained
most of the oxidation state of Pd.

The catalytic activity of Pd/LTA and Pd/SSZ-13 samples for CO
oxidation gradually decreased when the aging temperature increased.
PdOy species are proposed to be the active sites for CO oxidation for all
samples. It was found that the decrease in the valence and sintering of
PdOy nanoparticles led to a decrease in catalytic activity, where the
effect of sintering in the Pd/SSZ-13 sample was greater.

The PNA functionality was examined using NO TPD experiments,
and it was found that both Pd/SSZ-13 and Pd/LTA lost significant NOy
storage capacity after hydrothermal aging, but the Pd/LTA had the
smallest decrease. For example, after hydrothermal aging at 850 °C, the
Pd/SSZ-13 NOx storage dropped 40 % (41 % in presence of CO), while
Pd/LTA only decreased with 29 % (27 % in the presence of CO).
Moreover, two main NOy desorption regions located at low
(150 ~250 °C) and high (300 ~450 °C) temperatures were observed in
NO-TPD profiles without the addition of CO during adsorption. PdO and
PdO, sites are proposed for NO and NO, desorption below 300 °C,
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respectively. Pd2* and [PA(OH)]™ ions are responsible for NO deso-
rption above 300 °C, while the NO, desorption above 300 °C is due to
the catalytic oxidation of NO to NO, by PdOy species. PdO, species of
the Pd/SSZ-13 sample migrated and sintered on the surface of the
zeolite to form bulk Pd particles after aging at 900 °C, resulting in a
significant loss of NO, desorption at low temperature (< 300 °C).
However, this was not found for the Pd/LTA sample. Most Pd nano-
particles remained when the sample was aged, which was reflected in
the well maintained low-temperature NO, storage upon 900 °C aging
(less than 10 % decrease).

The addition of CO greatly improved the NO, trapping of the Pd/
LTA and Pd/SSZ-13 samples. The CO promoted effect on the Pd/LTA
sample was considerably higher compared to the Pd/SSZ-13 sample. It
was found that Pd/LTA contained a higher concentration of Pd>* sites,
while Pd/SSZ-13 had more [Pd(OH)]" sites. Therefore, it is deduced
that the improvement of NO adsorption ability of CO on Pd** is more
significant than on [Pd(OH)]*.

In addition, the extraordinary thermal stability of Pd nanoparticles
(1 -2nm) found in the Pd/LTA sample with Si/Al ~15 may have po-
tential applications in many other catalytic reactions.
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